To account for this observation, several authors suggested converting the coordinates of the object into a set of arm, forearm, that visually directed movements were continuously conand wrist angles. This hypothesis involves two main predictions: trolled during their execution by a feedback loop comparing 1) despite joint redundancy, the posture reached by the upper limb should be invariant for a given context; and 2) a movement pro-the respective locations of the hand and the target (Desmurgrammed in joint space should exhibit invariant characteristics of get et al. 1995b; ; Prablanc and Martin the joint covariation pattern as well as a corresponding variable 1992; Redon et al. 1991 ; Van Sonderen hand path curvature in the task space. To test these predictions, et al. 1989 ). According to this hypothesis, usually labeled we examined prehension movements toward a cylindrical object the spatial control hypothesis, the difference between the presented at a fixed spatial location and at various orientations respective locations of the hand and target is used by the without vision of the moving limb. Once presented, the object motor system to update the neural command forwarded to orientation was either kept constant (unperturbed trials) or sudthe muscles. This model, also proposed to account for the denly modified at movement onset (perturbed trials). Three-dimenprocesses underlying phonemic production (Abbs and sional movement trajectories were analyzed in both joint and task Gracco 1984) and gaze orientation (Guitton et al. 1990;  spaces. For the unperturbed trials, the task space analysis showed a variable hand path curvature depending on object orientation. Laurutis and Robinson 1986; Pélisson et al. 1988) , has re-The joint space analysis showed that the seven final angles characcently received a computational validation: as demonstrated terizing the upper limb posture at hand-to-object contact varied by Arbib (1992, 1993 ; also see Van Sonderen and monotonically with object orientation. At a dynamic level, move-Van der Gon 1990), motor control models, including interment onset and end were nearly identical for all joints. Moreover, nal predictors to compensate for delays in sensory feedback for all joints having a monotonic variation, maximum velocity and processing a spatial motor error, faithfully account for occurred almost simultaneously. For the elbow, the only joint prethe kinematic characteristics of the arm trajectory corrections senting a reversal, the reversal was synchronized with the time to observed during two-dimensional double-step experiments. peak velocity of the other joint angles. For the perturbed trials, a Despite its ability to account for the motor reorganizations smooth and complete compensation of the movement trajectory observed during planar double-step experiments, the spatial was observed in the task space. At a static level the upper limb final posture was identical to that obtained when the object was control hypothesis has been recently called into question by initially presented at the orientation following the perturbation. several experiments suggesting that three-dimensional reach-This result was particularly remarkable considering the large set ing movements were not controlled in a task space (Desmurof comfortable postures allowed by joint redundancy. At a dynamic get et al. 1995a; Flanders et al. 1992; Rosenbaum et al. level , the joints' covariation pattern was updated to reach the new 1995). As suggested by these experiments, a valid and ecotarget posture. The initial synergies were not disrupted by the nomical alternative to the spatial control hypothesis could perturbation, but smoothly modified, the different joints' movereside in a postural control hypothesis. On the basis of recent ments ending nearly at the same time. Taken together, these results studies showing that postural variables are taken into account support the hypothesis that prehension movements are initiated and by the motor system to plan the movement (Flanders et al. controlled in the joint space on the basis of a joint angular error 1992; Helms-Tillery et al. 1991; Hore et al. 1992 Hore et al. , 1994  vector rather than a spatial error vector. Lacquaniti and Maioli 1994a,b; Miller et al. 1992; Rosenbaum et al. 1990 Rosenbaum et al. , 1992 Scott and Kalaska 1995; Straumann I N T R O D U C T I O N et al. 1991) , this latter hypothesis proposes that the final posture to be reached constitutes the critical parameter con-Since the initial work of Woodworth (1899), many psytrolled by the CNS during visually directed movements. Acchophysical studies have suggested that goal-directed movecording to this view, which is conceptually affiliated with the ments could be segmented into two components: the first equilibrium point hypothesis initially formulated by Feldman one ''ballistic'' and ensuring only the transport of the hand (see Feldman 1986 for an overview), the spatial characterisinto the vicinity of the goal, the second one ''controlled'' tics of the object to grasp are initially converted into a set and allowing through feedback mechanisms the accurate acof arm and forearm orientations. The arm movement is then initiated and controlled in a joint space via a main mecha-quisition of the target (Arbib 1981; Keele 1981; Meyer et FIG . 1 . Schematic representation of the experimental apparatus. The subject sat comfortably on a dentist's chair. The subject's trunk was immobilized by a harness to prevent any movement of the shoulder during the experiment. In front of the chair a fast servo-controlled torque motor supported the object to be grasped. The plate supporting the object was located in the parasagittal plane crossing the shoulder of the subject. The motor allowed the object to rotate in the frontoparallel plane. An electronic circuit instantaneously detecting the onset of hand movement could control, via the motor, a very fast change in object orientation (40Њ in õ50 ms). Another electronic circuit permitted the illumination of the object from inside. The experiment was controlled on-line by a program running on an IBM PC. A Selspot II system equipped with 2 cameras was used to record the displacement of the infrared-emitting diodes placed on the right arm. subject's trunk was immobilized by a harness to prevent any disnism continuously comparing an estimate of the current posplacement of the shoulder axis during the task. In front of the tural state of the arm with the ''target value'' to be reached. subject, a fast servo-controlled torque motor supported the object Interestingly, the postural control hypothesis permits two to be grasped, i.e., a cylinder having a weight of 400 g, a diameter important predictions. First, despite joint redundancy, the of 5 cm, and a grip length of 10 cm. The object's center of mass target posture selected by the motor system should be invariwas located in the parasagittal plane crossing the shoulder of the ant when the context in which the movement is performed subject. The distance between object and shoulder was equal to remains stable (same target, same accuracy and temporal 80% of the upper limb length of the subject. The motor, whose requirements. . .). Second, because the hand trajectory is axis of rotation was horizontal and sagittally oriented, allowed the supposed to be controlled in the joint space rather than in object to be tilted in the frontoparallel plane. Because the whole experiment was carried out in a dark room, the object was equipped the task space, joint covariations patterns should exhibit inwith an electronic device allowing illumination from the inside. variant characteristics. By contrast, the hand path curvature Another electronic device, also located inside the object, allowed should present consistent variations in the task space. In the nearly instantaneous detection of contact between the hand and particular, for a given initial posture, the hand path curvature the object (delay õ10 ms).
should vary when the final posture to be reached varies, even A schematic representation of the experimental procedure is if the location of the target is kept constant [such is not the presented in Fig. 2 . At the beginning of each trial, the subject's case according to the spatial hypothesis, which predicts that right arm rested on a tilted plane fixed on the side of the chair. In hand path should be roughly straight in the task space irrethis starting position the upper limb was in a standardized and spective of the final posture to be reached (see Hoff and comfortable position (wrist angles and forearm rotation were Ç0Њ). Arbib 1993; Stelmach et al. 1994) ]. To test these predic-The right index finger of the subject was both at hip level and in contact with an electrosensitive surface allowing the detection of tions, we performed a double-step experiment in which submovement onset. The release from this electrosensitive surface jects were required to grasp a cylindrical object presented was used by the computer to trigger a very fast change in object at a given spatial location with different orientations. For orientation (up to 40Њ in õ50 ms). During the rest period the the perturbed and unperturbed trials, movements were anasubject focused on a central red light-emitting diode placed in front lyzed in both the task and joint space. of the body axis at the same height and distance as that of the object. After the cylinder was moved, in the dark, to one of its M E T H O D S fixed orientations, a tone was given, the central light-emitting diode was turned off, and the object was lit from inside, indicating that Subjects the subject had to grasp it as quickly and accurately as possible. Six right-handed subjects (5 males, 1 female) from 22 to 48 yr The internal illumination of the object was not sufficient to allow of age participated in this experiment. All of the subjects were the vision of the moving limb: the subject never saw the arm, naive with regard to the task and the purpose of the experiment. except in the very last part of the movement when the hand crossed the line of sight anchored on the lit object.
FIG . 2. Schematic illustration of both the spatiotemporal organization of the task and the main kinematic landmarks used in this experiment. At the beginning of each trial, the right forearm of the subject rested on a tilted plane fixed on the side of the chair (see Fig. 1 ). During this rest period, the subject fixed a red light-emitting diode placed in front of his body. After the cylinder was moved to 1 of its predetermined orientations, a tone was emitted and the object was lit, indicating that the subject had to grasp it. The whole experiment was performed in the dark, precluding any corrections based on the simultaneous vision of the target and of the moving limb. Two types of trials were considered. During the unperturbed trials, the initial orientation of the object remained constant until movement completion. During perturbed trials, the initial orientation of the object was suddenly and unexpectedly modified at movement onset. For the unperturbed trials, 5 basic orientations ranging from 60Њ to 020Њ were studied. These basic orientations were combined during double-step trials, and 4 perturbed conditions were considered: 20Њ r 60Њ, 20Њ r 40Њ, 20Њ r 0Њ, and 20Њ r 020Њ. Perturbed trials intermixed randomly with unperturbed trials. The main kinematic landmarks studied in this experiment are represented at bottom as follows: TPA, time to peak acceleration; TPV, time to peak velocity; APA, amplitude of peak acceleration; APV, amplitude of peak velocity; DT, deceleration time; MD, hand movement duration; HL, hand latency. tions: 60, 40, and 20Њ left (counterclockwise, designated /), 0Њ cameras. A direct linear transform method was used to reconstruct the three-dimensional coordinates of six infrared-emitting diodes (vertical), and 20Њ right (clockwise, designated 0) . Each type of movement was repeated 10 times (10 repetitions 1 5 orienta-placed on the right arm of the subject in the following positions:
1) metacarpophalangeal joint of the index finger; 2) metacarpopha-tions Å 50 trials). The second session (S2) was identical to the first one, except that the unperturbed trials (here called control langeal joint of the auricular finger; 3) radial styloid; 4) cubital styloid; 5) above the cubital head of the elbow; and 6) external trials, designated C) were randomly mixed with 20% perturbed trials (designated P; in other words, 20% of the trials performed extremity of the accromion. For each diode, the X , Y, and Z position data were filtered at 10 Hz with a zero-phase finite impulse re-during S2 were perturbed trials). Perturbed trials involved the same basic orientations as those used for the unperturbed trials. However, sponse filter, with the use of 33 coefficients. for obvious reasons related to the duration of the experiment, all the possible perturbations involving the five basic orientations of Spatial analysis the object could not be studied. Only the combinations for which
The wrist position, defined as the center of gravity of the infrathe initial orientation of the object was 20Њ were selected and red-emitting diodes 3 and 4, was used to reconstruct the threeanalyzed in the present study. During perturbed trials, the object, dimensional trajectory of the movements (Jeannerod 1981; Pauligwhose initial orientation was 20Њ, was suddenly and unexpectedly nan et al. 1991). Wrist velocity was computed from the filtered tilted to 020Њ (P020), 0Њ (P0), 40Њ (P40), or 60Њ (P60) at moveposition signal with the use of a least-square second-order polynoment onset. Because the number of perturbed trials was fixed at mial method (window {4 points). The same method was used to 20% of the total amount of trials to avoid any specific expectation compute the wrist's acceleration from the velocity signal. The main strategies or learning process, each kind of unperturbed trial was kinematic parameters analyzed in this experiment were (see 2): hand latency (labeled HL; time between object illumination and whereas each kind of perturbed trial was repeated 10 times (10 movement onset), movement duration (labeled MD; time between repetitions 1 4 orientations Å 40 trials). The subject was not movement onset and hand-object contact), time to peak accelerainformed of the possible occurrence of the perturbations. Moreover, tion (labeled TPA), amplitude of peak acceleration (labeled APA), all of the six subjects underwent both S1 and S2, i.e., 250 trials. time to peak velocity (labeled TPV; acceleration time), and amplitude of peak velocity (labeled APV).
Recording technique
To test the absence of specific expectation strategies during S2, the kinematic landmarks of the movement were compared for the The experiment was controlled on-line by a program running on an IBM PC486. Movements were bidimensionally recorded at a unperturbed trials of S1 and S2 (blocked and control trials, 1 averaged value per session per subject and per object angle). An frequency of 208 Hz by a SELSPOT II system equipped with two analysis of variance (ANOVA) with repeated measures (n Å 6 subjects) was performed (ANOVA 1-control analysis), with object orientation (P Å 5) and session (q Å 2) being the repeatedmeasures factors. A second ANOVA (ANOVA 2-longitudinal analysis) with repeated measures was performed to test whether the early and late perturbed trials differed from each other (learning process). For this ANOVA, the first three (early trials) and last three (late trials) perturbed trials were averaged. Two factors were then considered: the object orientation factor (P Å 5) and the learning factor (q Å 2: early trials; late trials). A last ANOVA (ANOVA 3-perturbation sensitivity) with repeated measures was performed to test the effect of perturbations on movement kinematic landmarks. Nine conditions (repeated-measure factor) were then considered, i.e., four perturbed conditions (P020, P0, P40, P60) and five control conditions (C60, C40, C20, C0, C020). The Duncan multiple-range test was used for post hoc comparisons of the means. Threshold for statistical significance was set at 0.05 (as for all the statistical analyses carried out in this work).
In addition to the previous analyses, we also examined the spatial path of the unperturbed movements to test whether the movement path depended on the object's orientation. For this analysis we took as a baseline the averaged synchronized curve related to the C20 condition. For each point P of C20, a point P was determined on the other unperturbed curves, i.e., the point for which the Euclidean distance between the median (C20) and the other (C60, C40, C0, C020) curves was minimal. For each referred curve (C60, C40, C0, C020), Hotelling's T 2 test (multivariate test for differences in means, Anderson 1958 ) was used to compare the threedimensional positions (X , Y, Z ) of P and P (Hotelling 1-dynamic analysis). The same computational method was applied to compare the control (C20) and perturbed conditions (P60, P40, P0, P020) and to detect the earliest spatial point from which the perturbed trajectories began to deviate from the C20 control trajectory. The reaction time of the motor system to the perturbation (RTP) was estimated as the difference between the time of divergence minus the time of occurrence of the perturbation. To prevent erroneous detection of the divergence point between C20 and the other curves, a point P of C20 was considered as the divergence point only if the distance between the reference and referred curves remained significant for all the points of C20 following P.
In addition to the purely spatial analysis described above, a spatiotemporal analysis was carried out to determine the precise reaction time of the sensory motor system (movement kinematics can be modified without overt path modifications). Hotelling's test was then used to compare the control (C20) and perturbed curves at each time step (frame-by-frame comparison). Both the wrist FIG . 3. Schematic representation of the upper limb angles computed during this experiment. A and B: D1 is defined as being the plane containing the shoulder (S), the wrist (W), and the elbow (E). D2 is defined as being the plane orthogonal to the shoulder-elbow axis. D3 is defined as being the vertical plane containing the shoulder-elbow axis. D4 is defined as being the sagittal plane crossing the shoulder. L1 is the horizontal line contained in D2 and crossing the elbow. L2 is the intercept of the planes D1 and D2. L3 is the horizontal line contained in D3 and crossing the shoulder. Considering the previous definitions, d (i.e., the angle between L1 and L2) characterized upper arm rotation; l (i.e., the angle between D1 and the radiocubital axis) characterized forearm rotation; a (i.e., the angle between D3 and D4) characterized upper arm azimuth; b (i.e., the angle between L3 and the shoulder-elbow axis) characterized upper arm elevation; and c (i.e., the angle between shoulder-elbow and elbow-wrist axis) characterized elbow flexion. C: X-axis is defined as being collinear to the upper arm axis; Z-axis is defined as being collinear to the radiocubital axis; Y-axis is defined as being orthogonal to the plane XZ; H (hand) is the center of gravity of the infrared emitting diodes 1 and 2. The angle e between the X-axis and the projection of the wrist-hand vector in the XY plane defined wrist azimuth. The angle f between the wrist-hand vector and the XY plane defined wrist elevation. position and the movement direction (orientation of the velocity sion factor [F(1,5) õ 1.1, P ú 0.3]. The same result was vector) were taken into account for this analysis. The movement observed for the final arm posture. As shown by Hotelling direction was determined by computing the azimuth and elevation tests, the arm configurations observed in S1 and S2 were angles of the tangential velocity vector in a Cartesian frame of not significantly different for a given final orientation of the reference (the X-axis was defined as the sagittal axis; the Y-axis object to grasp (P ú 0.55).
was defined as the frontoparallel axis; the Z-axis was defined as
The above mentioned results show that the blocked moveorthogonal to X and Y ). As shown by Prablanc and Martin (1992) , ments performed during S1 were identical to the control these ''directional parameters'' may be more sensitive than the movements performed during S2. In other words, the possiwrist position in determining the reaction time of the sensory motor ble occurrence of a perturbation during S2 was not taken system to an external perturbation. To prevent noisy detection of the divergence point of the wrist velocity angles, the statistical into account by the subjects who did not adopt a specific analysis was performed only between the time to peak acceleration strategy (note that none of the subjects noticed that the initial and the time to peak deceleration of the movement.
orientation of the object was always the same for the per-Concerning the unperturbed trials, we also analyzed wrist path turbed trials). Considering the absence of difference bevariations with the use of a global parameter called wrist path tween the blocked and control trials, the statistical comparicurvature. This parameter was defined as the ratio of D (the largest sons presented in the following will exclusively refer to S2 deviation of arm path from the straight line joining the start and (control trials). end points of the motion) to L (the length of the straight line joining the start and end points of the motion).
Early versus late perturbed trials Joint analysis
As shown by the ANOVA 2, the interactions between the The following seven angles were used to determine the upper orientation (5 levels: 020Њ, 0Њ, 20Њ, 40Њ, and 60Њ) and learnlimb posture at each time step (Fig. 3) ; the angular reconstruction ing (2 levels: early trials and late trials) factors were far method has been described in a preceding paper (Desmurget et al. from statistical significance for all of the kinematic variables 1995a).
[F(4,20) õ 0.55, P ú 0.70]. Likewise, none of the kine-The azimuth (a) and elevation (b) angles of the upper arm. matic parameters was significantly affected by the learning These angles were computed in a bodily frame of reference cenfactor [F(1,5) õ 0.50, P ú 0.5]. In regard to the postural tered at the shoulder (the X-axis was defined as the sagittal axis; parameters, Hotelling tests showed that the final arm conthe Y-axis was defined as the frontoparallel axis; the Z-axis was figurations were not significantly different for the early and defined as orthogonal to X and Y ). late perturbed trials (P ú 0.85).
The upper arm rotation (d). This angle was defined as being positive for internal rotations (0Њ õ d õ 90Њ) and negative for These results show that the characteristics of the perturbed external rotations (0Њ õ d õ 090Њ). movements did not change with time. In other words, the The forearm rotation (l, or prosupination angle; same sign consubjects did not develop a specific strategy or ability to vention as for the upper arm rotation). correct their hand trajectory during the perturbed trials.
The elbow flexion (c). This angle was defined as being equal to 180Њ when the upper limb and the forearm were collinear.
Control versus perturbed trials
The azimuth (e) and elevation (f) angles of the wrist. These angles were computed in a bodily frame of reference centered at SPATIAL ANALYSIS
Wrist path divergence among unper-
the wrist [X-axis was defined as the forearm axis; Z-axis was turbed trials. For all the orientations of the object, the threedefined as the axis defined by the diodes 3 and 4 (radiocubital axis in Fig. 3A) ; Y-axis was defined as being orthogonal to X and Z ]. dimensional path of the wrist exhibited a general curved To define the final upper limb posture, the value of each of the shape (Fig. 4) . The values at which the C60, C40, C0, and seven angles previously described was determined at hand-object C020 unperturbed curves diverged significantly from the contact. The Hotelling T 2 test (7 parameters) was then used to C20 reference (P õ 0.05) were 230, 312, 389, and 264 ms, compare the final postures of the upper limb according to the respectively (Hotelling 1). As shown in Fig increased monotonically and significantly [F(4,20) Å 13.68, P õ 0.0001] when the object was tilted from the right to R E S U L T S the left. Path curvature was maximal for C60 (0.20) intermediate for C20 (0.16), and minimal for C020 (0.11). The Blocked versus control trials differences in wrist path curvatures were associated with significant differences in the wrists' final positions (Fig. 4) . As demonstrated by the ANOVA 1, the interactions between orientation (5 levels: 020Њ, 0Њ, 20Њ, 40Њ, and 60Њ) and As demonstrated by Hotelling tests, the final position reached by the wrist (X , Y, Z ) was significantly different session (2 levels: S1 blocked trials and S2 control trials) were far from statistical significance for all of the kinematic for all the unperturbed conditions considered two by two (P õ 0.02). The result appeared surprising at first glance, variables [F(4,20) õ 1, P ú 0.4]. Likewise, none of the kinematic parameters was significantly affected by the ses-considering that the location of the center of mass of the (Gentillucci et al. 1992; Prablanc and Martin 1992; Soechting and Lacquaniti 1983) , we tried to estimate the reaction time of the sensory motor system considering the spatial orientation of the velocity vector, which is known to constitute a very sensitive parameter to detect hand trajectory modifications (Prablanc and Martin 1992). As expected, the RTPs values computed from the instant of divergence between the angles of the tangential velocity vectors were consistently shorter (Ç45 ms) than the RTPs values obtained with respect to the spatiotemporal analysis. The values at which the velocity vectors related to the P60, P40, P0, and P020 curves diverged from the velocity vector related to the C20 reference curve (P õ 0.05) were 288, 312, 336, and 320 ms, respectively.
KINEMATIC ANALYSIS. The most interesting observation related to the kinematic analysis concerned the morphological similarity observed between the perturbed and unperturbed movements for both the velocity and acceleration profiles. Strikingly, the perturbed curves presented no secondary peaks that could be related to the modification of the object FIG . 4 . Three-dimensional representation of wrist and elbow trajectories orientation at movement onset (Fig. 6 ). This result, which in the task space (trajectories were averaged for the 6 subjects after temporal showed that the initial motion was not braked and interrupted normalization; perspective view from behind and above). Three final object to allow the initiation of a corrective movement, suggested orientations are considered: 20Њ right (20R Å 020Њ), 20Њ left (20L Å 20Њ), and 60Њ left (60L Å 60Њ). For the unperturbed trials (black lines), both strongly that the trajectory corrections were performed by wrist and elbow trajectories varied with the final orientation of the object. updating the current motor command. Note that the pattern For the perturbed trials (white lines), the wrist trajectories smoothly diof the individual curves was the same as that of the averaged verged from the C20 control condition. Strikingly, perturbed trajectories curves, demonstrating that the absence of secondary peaks terminated for both the wrist and the elbow at the endpoint of the correon averaged trajectories was not a computational artifact sponding unperturbed trajectories. Note that the scales are different for each axis to improve legibility. induced by the averaging procedure (Fig. 6 ).
POSTURAL ANALYSIS
Static analysis. Table 1 shows the mean { SD (n Å 6 subjects) for the seven upper limb angles object remained constant during the whole experiment. In defining the final arm posture. The same data are displayed fact, the significant differences in the final wrist locations in Fig. 7 for a representative subject. were related to the participation of the proximal segments The final posture reached by the arm depended strongly to the final hand orientation (when the subject held the obon the object orientation. The Hotelling test (Hotelling 2) ject, the elevation of the upper arm induced a change in demonstrated that all the unperturbed conditions were differwrist position in the frontoparallel plane; see the postural ent from the median C20 condition (P õ 0.04). This latter analysis) and to the contribution of wrist flexion, which condition was also significantly different from all the perdiffered slightly according to object orientation (the wrist turbed conditions (P õ 0.035). Interestingly, the posture flexion induced a modification of the wrist position along reached by the arm was not statistically different for a final the sagittal axis; see the postural analysis).
given orientation of the object to grasp. In other words, the Wrist path divergence between unperturbed and perturbed posture reached by the upper limb was nearly the same trials. As shown in Fig. 4 and Fig. 5 , C and D, the corrections whether the object was reached normally or after a perturbaobserved during the perturbed trials were very smooth. The tion (P ú 0.60; see Fig. 7 ). values at which the P60, P40, P0, and P020 curves diverged An ANOVA (ANOVA 3) including all the postural pafrom the C20 reference condition (P õ 0.05) were 355, 385, rameters showed that all the seven angles of the upper limb 410, and 350 ms, respectively (Hotelling 1). Interestingly, varied with the object orientation [F(8,40) ú 9.8, P õ the error induced by the perturbation was almost fully cor-0.0001] in a monotonic way. In other words, all the degrees rected by the motor system. As shown by Hotelling tests, of freedom available were used and combined by the CNS the final position reached by the wrist after the perturbation to adjust hand orientation: [not only the distal angles (wrist was not statistically different from the position reached durangles, forearm rotation) but also the proximal angles (upper ing the unperturbed trial, presenting the same orientation as arm angle) were significantly different according to object the one reached after perturbation (P ú 0.60; see Fig. 4) . orientation]. For the wrist position, the divergence times obtained according to the ''frame-by-frame'' analysis (spatiotemporal Dynamic analysis. During the course of the unperturbed movements, the variations of the upper limb joint angles analysis) were very close to the divergence times obtained according to the ''minimal distance'' analysis (purely spatial were synchronized with respect to the time. This temporal / 9k0b$$ja50 08-13-97 18:04:48 neupa LP-Neurophys sagittal (B and D) planes for a representative subject (subject 2; each curve was averaged after temporal synchronization of the individual trials; n Å 10). A and B: unperturbed trials (5 conditions). C and D: perturbed trials and the C20 control condition; only the largest perturbed conditions (P60, P020) are represented in the sagittal plane to preserve legibility. Open circles the C20 control curve: times of divergence of the unperturbed (C60, C40, C0, C020) and perturbed (P60, P40, P0, P020) referred curves for subject 2. Note for the unperturbed trials that wrist path curvatures differ significantly according to object orientation. In addition, note for the perturbed trials that wrist paths diverge smoothly from the C20 control trajectory. FIG . 6. Individual ( ---) and averaged ( ) velocity and acceleration profiles recorded for a representative subject (S2). Note the morphological similarity of the perturbed and unperturbed curves. In particular, note for the perturbed curves the absence of discontinuity or inflexion point that could be related to the modification of object orientation at movement onset. The observation of individual data shows that the smooth corrections observed during perturbed movements were not due to a computational artifact related to the averaging procedure. synchronization, which was particularly clear for the proxi-of the fact that movement onset occurred slightly later for the wrist elevation than for the other angles. mal angles (upper limb azimuth, upper limb elevation, elbow flexion, arm rotation, forearm pronation), is illustrated in For all the experimental conditions, the movements ended at approximatively the same time on all the joints. The move- Fig. 8 (average values for the 6 subjects). The three main points displayed in this figure are the following. ment end variations were, on average, within a range of 20 ms (maximal range 25 ms for the C20 condition). For all the experimental conditions, the movement began nearly at the same time on all of the upper limb joints. When For all the experimental conditions, and for all the upper limb joint angles presenting a monotonic variation during considering only the proximal joints, the movement onset variations were, on average, within a range of 25 ms (maxi-the course of the movement, the peak angular velocity was reached at about the same time. As for movement onset, the mal range 30 ms for the C40 condition). When considering all joints, this range exhibited a twofold increase, because temporal synchronization was stronger when the proximal FIG . 7. Representation of all the final upper limb angles (means { SD), according to object orientation, for a representative subject (subject 1). For unperturbed trials (ᮀ), a monotonic and nearly linear relationship can be observed between object tilt and joint angles. For the perturbed trials ( ), the final value of the upper limb angles was very close to the final value obtained during the unperturbed trials, presenting the same orientation as those reached after perturbation. In other words, the posture reached by the arm was not different for a given orientation of the object to be grasped. Note that the vertical scales were adjusted for each panel to improve legibility. Fig. 9B , the amount of path curvature observed in the joint space when the elbow joint was considered varied as a function of the orientation of the object to be grasped. In the light of this latter result it appears that movement trajectory was not more invariant in the task than in the joint space.
During the perturbed trials, the joint covariation patterns were reorganized to allow the system to reach a new target posture identical to the one observed when the object was l, forearm rotation; e, wrist azimuth; f, wrist elevation). Velocity-related kinematic landmarks are the time to peack velocity for all the angles whose variations were monotonic during the course of the motion ( a, b, d, l, e, f) . For the elbow joint (c), which was successively flexed and extended during the movement, the time to movement reversal is represented instead of the time to peak velocity. For the sake of clarity, the time t Å 0 is arbitrarily defined as 10 ms before the time of occurence of the earliest angular movement. With the exception of the wrist elevation, whose movement onset was slightly delayed with respect to the movement onset of the other joints, movement began nearly at the same time for all joint angles of the upper limb. This initial temporal synchronization held during the whole movement. Thus angular displacements ended almost concurrently on all the upper limb joints. Moreover, the time to peak velocity occurred nearly at the same time for all the angles whose variations were monotonic (as for movement onset, the temporal disparities were greater for the distal than for the proximal angles). Concerning the elbow joint, whose movement presented a reversal, the time of movement reversal was nearly coincident with the time to peak velocity of the other proximal angles.
angles were considered alone. In this case, variations observed for the time to peak angular velocity were, on average, within a range of 20 ms (maximal range 35 ms for the C40 condition). When considering all the joints, this range increased by 30 ms, because of the fact that time to peak angular velocity occurred slightly later for the distal angles (wrist azimuth, wrist elevation) than for the proximal angles. For the elbow joint, whose movement presented a reversal (the elbow joint was successively flexed and extended during the course of the movement), the time of movement reversal was synchronized with the time to peak velocity of the other proximal angles (maximal variation 32 ms for the C60 condition).
From a mechanical point of view, only four of the seven FIG . 9 . Three-dimensional representation of movement trajectories in upper limb joint angles contribute to the displacement of the the joint space for a representative subject (subject 5; trajectories were wrist center of mass, or, in other words, to the movement averaged after temporal normalization: n Å 10 individual trials). Only the trajectory generation (upper arm azimuth, upper arm elevaextreme (C60: ᭡; P60: ᭝; C020: q; P020: ᭺) and median (C20: ) tion, upper arm rotation, and elbow flexion). As emphasized conditions were represented to preserve legibility. Because of the existence above, the individual variations of these angles were closely of a temporal synchronization between the joint angles' individual variations, roughly straight paths were observed for the shoulder angles whose coupled with respect to time. Because of this synchronizavariations were monotonic (upper arm azimuth, upper arm elevation, upper tion, nearly straight movement paths were observed in the arm rotation; A). Such was not the case for the elbow angle whose variations joint space for the three shoulder angles, whose variations were not monotonic (B). When elbow angle was considered, consistently were monotonic. This specific pattern, which is displayed in curved paths were observed in the joint space (note that the amount of path curvature varied as a function of the orientation of the object to be grasped). Fig. 9A for a representative subject, did, however, not reflect During the unperturbed trials, joint covariations patterns were reorganized. the general case. In particular, when elbow and shoulder
The perturbed trajectories diverged progressively from the C20 control joints were considered together, consistently curved trajectotrajectory to reach a new postural state that was nearly identical to the state ries were observed, because of the nonmonotonic variations reached when the object was initially presented along the orientation reached after perturbation.
of the elbow joint angle during the course of the motion. As initially presented along the orientation reached after pertur-freedom. Interestingly, our data showed that all the available degrees of freedom of the upper limb were used and com-bation (see Static analysis). This result is illustrated in Fig.  9, A and B, for the P020 and P60 conditions. As shown in bined by the nervous system to adjust hand orientation. As demonstrated by the static postural analysis, joint redun-this figure, the perturbed trajectories diverged progressively from the control trajectory because of a modification of the dancy was not eliminated by blocking some degrees of freedom (Feldman and Levin 1995) or by segmenting the total angular covariation ratios. This modification was tuned to bring the upper limb into the same angular configuration as movement into independent functional modules (Jeannerod 1988) , but by linking the degrees of freedom of the upper the one reached during the corresponding unperturbed trial. Despite movement reorganization, the final temporal cou-limb in a fixed manner (Bernstein 1967) . Our data suggest that the motor system solved the inverse mapping problem pling observed among joint angles during the unperturbed trials was preserved during the perturbed trials. In other by implementing stereotyped postures for each orientation of the object. Thus, for the unperturbed trials, statistically words, movements ended at approximately the same time on all joint angles during the perturbed movements (maximal identifiable upper limb configurations were observed for each orientation of the object to grasp. Moreover, for the range 25 ms for the P0 condition).
perturbed trials, the final configuration of the upper limb was the same as that obtained when the object was initially D I S C U S S I O N presented along the final orientation reached after perturba-In summary, the present experiment provides a large set tion. These results are particularly remarkable considering of converging arguments in support of the hypothesis that that the final upper limb posture reached during perturbed the final posture to be reached plays a key role in movement and unperturbed trials could not be the result of mechanical control by defining an internal reference to which the current constraints: as demonstrated by both empirical observations state of the system is continuously compared. The overall and the wide area of variations observed across experimental view emerging from this study agrees with the following conditions for proximal and distal joints, a large set of comdescription. The spatial characteristics of the object to grasp fortable intermediate postures (for instance between the 20Њ are initially converted into a set of arm and forearm orientaand 60Њ unperturbed trials postures for the 20Њ to 60Њ pertions. The movement from the starting posture to the target turbed condition) was easily achievable for each given orienposture is then implemented on the basis of an ''angular tation of the object to grasp. error vector'' whose components represent the difference Considering the absence of anatomic coercion, the univobetween the starting and target angles for each joint. During cal relationship observed between object orientation and upthe movement, joint angle variations are not controlled indeper limb posture supports the postural hypothesis, which pendently, but in a synergic way (temporal coupling). The predicts that the final posture reached by the upper limb movement trajectory observed, either in the task or joint should be invariant when the context in which the movement space, results directly from this temporal coupling. As shown is performed is stable (Flanders et al. 1992 ; Rosenbaum by the motor responses observed during the perturbed trials, et al. 1995) . This conclusion is in agreement with recent neither the final posture to be reached nor the characteristics computational models (Rosenbaum et al. 1995) , and with of the initial joint synergies is rigidly fixed at movement experimental findings from Soechting and colleagues onset. When the initial response is maladjusted, for instance (Helms-Tillery et al. 1991; Soechting and Flanders because of a wrong definition of the final posture to be 1989a,b), who showed that the representation of a visual reached, the motor system is able to update the target posture target in extrapersonal space had to be transformed into a during the course of the motion and to reorganize the joint kinesthetic representation of arm segment orientation before synergies accordingly. Both this hypothesis and the concept a goal-directed movement could be implemented. It is also of postural control will be addressed in more details in the corroborated by several recent studies showing that postural following.
variables are taken into account by the motor system in planing the movement (Flanders et al. 1992; Helms-Tillery et al. 1991; Hore et al. 1992 Hore et al. , 1994 Lacquaniti and Maioli Postural control hypothesis 1994a,b; Miller et al. 1992; Rosenbaum et al. 1990 Rosenbaum et al. , 1992 Scott and Kalaska 1995; Straumann et al. 1991) . Because the number of degrees of freedom of the upper limb (df Å 7 when finger joints are neglected) exceeds those necessary to completely specify the location and orientation Postural control and motor equivalence of an object in space (df Å 6), the mathematical relationship associating the coordinates of the object to grasp and the The ability to correct the movement during its execution is generally associated with the concept of motor equivalence final posture of the arm (inverse mapping) is a priori indeterminate (note that the object's df was not equal to 6 but to (Abbs and Gracco 1984; Berkinblit et al. 1986; Lacquaniti and Maioli 1994b; Prablanc and Martin 1992) , which im-5 in the present experiment, because the object was cylindrical). Regarding the task studied in the present experiment, plies that a specific goal can be achieved with the use of different patterns of movement. The biological validity of this observation indicates that a final given orientation of the hand in the frontoparallel plane can be theoretically obtained this concept has been widely demonstrated since the initial works of Lashley (1930) and Bernstein (1967) . For exam-through an infinite number of angular combinations. For example, a given subject can adjust hand orientation to object ple, Abbs and Gracco (1984) observed that a given syllable could be correctly pronounced with the use of very different tilt with the use of mainly forearm rotation or elbow elevation. The subject can also combine these two degrees of motor patterns. Likewise, Berkinblit et al. (1986) in the spinal frog that the wiping reflex, which consists of stein (1967) and Soechting and Lacquaniti (1981) , the existence of such joint synergies is highly advantageous from a movements of the hindlimb directed toward a nociceptive stimulus, could generate different angular combinations for computational point of view. Indeed, a strict temporal coupling between anatomically independent degrees of freedom a final given position of the hindlimb endpoint.
Considering these results, the postural constancy observed decreases drastically the movement control complexity by decreasing the number of independent parameters that have in the present study for a given orientation of the object to be grasped could appear surprising, in particular during to be controlled by the system. Before bringing this point to an end, it seems necessary perturbed trials. However, as demonstrated in several experiments, if motor equivalence may be a solution when the to briefly question the movement reversal we observed for the elbow joint. Indeed, such a pattern is theoretically not CNS is faced with unusual constraints, it seems not to be a general rule in biological systems. Thus Giszter et al. needed, if we admit that the system only tries to move from an initial posture to a final posture (according to the postural (1989), who were unable to reproduce the results of Berkinblit et al. (1986) , reported the existence of a stereotyped hypothesis, each joint angle can reach its target value without reversing its movement). However, use of this ''basic'' pattern of angular covariations for wiping movements in the intact and spinal frog. In a similar vein, dynamic and static scheme in the frame of the present experiment would have led to the production of awkward and maladjusted move-fixed angular patterns were identified in automatic responses to stance perturbations (Nashner and McCollum 1985) , in ments, because of the fact that the initial elbow flexion was smaller than that required to grasp the object. If the subjects perturbed and unperturbed pointing movements (Hore et al. 1992; Lacquaniti 1981, 1983) , in eye move-had only tried to move the limb from the initial to the final posture to be reached, the palm of the hand would have ments (Tweed and Vilis 1990), in throwing movements (Hore et al. 1994) , and in eye-head-arm coordination (Strau-moved away from the object during the grasp (elbow flexion), which would have induced inaccurate movements mann Vercher et al. 1994) . In fact, the absence of motor equivalence processes observed in the present ex-(in this case, no error is allowed with respect to the finger closure time: a slightly late closure of the finger led to the periment reinforces the idea that the final posture to be reached is the primary variable controlled by the nervous failure of the grasp). In contrast with this situation, the attempt to extend the elbow during the last part of the move-system during goal-directed movements performed in the absence of external constraints imposing a specific hand ment both authorized some variations in the finger closure time (the temporal windows allotted to the finger closure path.
are larger here than in the previous situation) and allowed adjustment of the grasp according to proprioceptive inputs Joint synergies during postural transition (Johansson and Westling 1987) . In light of this remark, it appears that the movement reversal observed in the present The cornerstone of behavioral neuroscience lies in the postulate that spatiotemporal invariances can be used as in-experiment for the elbow joint resulted from the functional constraints imposed by the task. This result could be very sights to understand the fundamental principles underlying movement generation (Morasso 1981). Regarding the pre-interesting because it suggests that the postural control scheme can successfully deal with extrinsic requirements hension movements studied in the present experiment, two types of invariances can be expected: spatial or segmental. by implementing ''angular via point,'' or more generally intermediate posture (Bizzi et al. 1992 ). If the movement is planned in the task space (spatial invariance), i.e., if the subject tries to move the effector along a specific path (for instance a straight line path), strong varia-Reorganization of ongoing movements tions should be observed in the joint covariations patterns. On the contrary, if the movement is planned in the joint During the perturbed trials, a complete compensation of the movement trajectory was observed. The first sign of space (segmental invariance), i.e., if the subject tries to preserve a specific pattern of joint covariations, strong varia-kinematic modification was identified on the wrist velocity vector orientation after a delay of 290 ms. This value, which tions should be observed in the external hand path. Our data agree with this second hypothesis. Indeed, the spatial path appears relatively high with respect to previous double-step studies cat: Alstermark et al. 1990 (100 ms); humans: Gen-followed by the hand in the present experiment was both consistently curved and significantly variable with respect tillucci et al. 1992 (150 ms); Paulignan et al. 1991 (110 ms); Soechting and Lacquaniti 1983 (110 ms) could be to the orientation of the object to be grasped. By contrast, the joint covariations patterns were very stable, irrespective overestimated because of the smoothness of trajectory modifications. Indeed, the smoother the corrections, the more of the experimental condition: during the unperturbed trials the individual variations of the upper limb angles were sys-difficult their detection. This assumption is in agreement with the results reported by Prablanc and Martin (1992) , tematically coupled with respect to the time (joint synergies). Although effective for all the upper limb angles, the who described longer RTPs for perturbations requiring an increase of movement curvature (reaction time Ç 274 ms) temporal synchronization was particularly consistent for the proximal angles (shoulder, elbow, and radiocubital joint than for perturbations requiring a reversal of movement curvature (reaction time Ç 155 ms). angles). This latter point strongly suggests that the joint and spatial paths observed during the present experiment were As reported in RESULTS, the hand trajectory modifications observed during the double-step trials were not only com-not directly controlled by the motor system, but were the result of the synergic transition programmed between the plete, but also very smooth. Neither the velocity nor the acceleration curves of the perturbed movements presented starting and target postures. As initially underlined by Bern- secondary peaks that could be related to the sudden modifi-9: 585-638, 1986. cation of the object orientation. This morphological identity BERNSTEIN, N. The coordination and regulation of movements. Oxford, UK: between the kinematic structure of the perturbed and unper- Pergamon, 1967. turbed movements suggested that the corrective processes BIGUER, B., JEANNEROD, M., AND PRABLANC, C. The coordination of eye, head and arm movements during reaching at a single visual target. Exp.
involved in the control of both the perturbed and unperturbed Brain Res. 46: 301-304, 1982. movements were of the same type. Additional support for BIZZI, E., HOGAN, N., MUSSA-IVALDI, F. A., AND GISZTER, S. Does the this view is provided by the observation that the patterns of nervous system use equilibrium-point control and multiple joint movecorrection we observed in the present study were identical ments? Behav. Brain Sci. 15: 603-613, 1992. to the ones reported in previous unconscious double-step BOCK, O. Localization of objects in the peripheral visual field. Behav. Brain Res. 56: 77-84, 1993. experiments (in this case, the location of the target was CARLTON, L. G. AND CARLTON, M. J. Response amendment latencies during modified around hand movement onset when the velocity of discrete arm movements. J. Mot. Behav. 19: 227-239, 1987. the ocular saccade reached its maximum, and the double-CARNAHAN, H., GOODALE, M. A., AND MARTENIUK, R. G. Grasping versus step stimulus was perceived as a single one; Goodale et al. pointing and the differential use of visual feedback. Hum. Mov. Sci. 12: 219-2334 , 1993 Prablanc and Martin 1992) .
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